INTRODUCTION
During the process of examining interface reactions between micron-thick Mo and Ti films on Si single crystals, it was discovered that a parallel investigation was required to determine the amount of strain in the metal film. After annealing sputtered films within certain temperature ranges and quenching, the films failed either by blistering or localized eruptions. In each case, the kinetic study had to be discontinued.
It is well know that films contain high defect densities. In particular, defect densities of 10 10 to 2 X lOll have been reported in Cu films I which are of the same magnitude as densities found in the cold-worked state. On annealing, the strains locked into films are less responsive to thermal treatment than cold-worked filings.
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Vt is the shear modulus) have been observed. 4 This may be compared with a flow stress of 10-'1L to 1L for bulk single-crystal specimens. In films, dislocation mechanisms cannot effectively relieve stresses since dislocation motion is either impeded or their generation by sources is restricted. Besides grain boundaries or subboundaries acting as obstacles to dislocation motion, the interface barrier may not allow dislocations to cross. This could provide considerable stress build-up at interfaces containing intermediate brittle films formed on annealing.
In modeling the elastic problem between a film and substrate,' the following assumptions are made: (1) The film is firmly attached to the substrate. (2) The thermal expansion of the film and substrate are isotropic in the plane of the substrate. (3) The stress on the film in a direction normal to the plane of the film is zero. (4) The shear strain in the plane of the film is zero. It is assumed that a biaxial strain model closely approximates the experimental conditions.
If the adhesion between film and substrate were ideal, more strain at the film/substrate interface is expected than at the film surface. 6 This departure from biaxial strain requires a triaxial elastic model. The nonuniformity of strain perpendicular to a Pb film has been studied 7 at two temperatures for three times by x-ray diffraction.
Except for the preceding x-ray study by Murakami, all other x-ray investigations have made use of conventional line-broadening methods originally developed to characterize cold-worked metals.
8 This mayor may not be adequate depending upon the materials, the method of preparation, and the subsequent thermomechanical history. For sputtered samples, only a portion of the line broadening resembles that found in cold-worked metals, while another component is related to pointlike defects which are found in the special elastic environment of a polycrystalline film. Although point defects are not expected to produce line broadening in unconstrained grains, line broadening can be produced under the special constraints found in sputtered films. This paper considers both forms of broadening.
THEORETICAL BACKGROUND
The development of internal strains within sputtered films may be simplified into two stages of the initial specimen preparation. The continuous deposition of a film layer by layer from moderately energetic atoms can build in special strains related to embedded point defects, as well as strains resulting from subsequent temperature changes. I(c) and I(d) isolate the effect of temperature changes for a film with a greater thermal expansion coefficient than its substrate. The diagrams also illustrate an unconstrained displacement of the free surface. In the present study, the surface receives Mo ions and an occasional Ar ion at high velocities (_IO S _10 6 cm S-I). These may stick to the surface, bounce off, or be driven into film already deposited. IfMo is driven into an interstitial site or the relatively large Ar atoms become embedded within the lattice, point defects are generated which mayor may not be able to rearrange into mort; complex arrangements as a result of their mutual elastic interaction. Normally, one considers the point defect to be in an unconstrained lattice with all surfaces free to move. This is not the case for adherent sputtered films except at the free surface which can move along the Z direction.
On cooling to room temperature [ Fig. 1 (c) ] , the Mo film will attempt to contract more than the Si substrate. 9 This resultant thermal stress, a T • x ' combines with the intrinsic stress, a i • x ' giving a deflection Z of the disk-shaped sample which is proportional to the resultant film stress ax. Using isotropic elasticity, these superimpose as follows: 
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Since a Mo > aSi and if a i • X = 0 at the deposition temperature, the film would be in tension on cooling to room temperature. However, the inclusion of an intrinsic stress can reduce or dominate aT such that the film goes into compression. On heating above T D' thermal and intrinsic stresses add in compression.
The stress-related Poisson strain perpendicular to the interface is of interest when comparing the preceding interferometer data with x-ray results. This is given by
( 4) with V Mo == 0.32 and E Mo = 3.2 X 10 12 dyn/cm2. A more rigorous calculationS has been carried out for ET,z rather than simply multiplying (j T by 2VMo 1 E Mo ' However, for Mo films, the discrepency is only 4% for the (110) planes and, therefore, the isotropic calculation is used. The strain, E z , influences those atomic planes which are parallel to the free surface and normally measured from conventional 20 scans with a diffractometer. The x-ray strain data need not agree with the interferometer data. An additional dilation E XR,Z = ~Z IZ from the unconstrained movement of the free surface due to embedded atoms must be included in the x-ray measurement. The fractional change in the spacing is obtained from
where E z distinguishes the x-ray determination of strain along the Z direction, and ~ 20 = 20 B -20 Mo which is the angular line shift relative to unstrained Mo powder.
In a previous paper," it was shown that the state of nonuniform microstrain can be described by the convolution . of two Gaussian strain distributions. One represents the strain distribution from an average dislocation network, while the other describes local variations in the uniform column strain. The latter can be related to local variations in the strain produced by embedded atoms. In this case, one allows the uniform strain within a column of unit cells perpendicular to the plane of reflection to vary between grains. This information is obtained from analysis ofline shapes by fitting the following Fourier series over two orders (/ = 1,2)."
where K is taken to be a constant, N is the total number of 
EXPERIMENTAL RESULTS
Molybdenum films 1.5,um thick were deposited onto polished !.. -diam Si substrates with the 111 planes oriented 8 to within ± OS ofthe free surface. The substrates were chemically cleaned and then sputter etched at 0.8 kV, 60 W for 30 min to remove the oxide. Without exposing the cleaned surface to the atmosphere, a 1.5-,um film ofMo was sputtered with the target at 2.8 kV and a power of 450 W for 41.2 min using an Ar pressure of 5 ,um. The Mo target was 99.95% pure. Also, the substrate temperature during deposition was between 340 and 360 ·C. X-ray spectroscopy revealed a small amount of Ar to be present which remained even after annealing at 750 ·C.
A set of samples were annealed in the range 950-970 ·C under vacuum using an ion pump which was backed up with 3290 J. Appl. Phys., Vol. 50, No.5, May 1979 a sorption pump. On cooling to room temperature, the entire Mo film blistered. Both 15-and 30-min anneals resulted in blistered films on cooling to room temperature. Other experiments demonstrated that this is independent of cooling rate. Because of the strong tendency for reacted 1.5-,um Mo films to fail after thermal treatments in the range 900-1000 ·C, the reaction temperature was reduced in order to carry out studies at room temperature on quenched samples. The other obvious alternative is to investigate film behavior at temperature realizing that a reacted 1.5-,um Mo film may become mechanically unstable on cooling to room temperature.
A senes of step anneals held for 2 h at 350, 500,650, and 750°C on a single sample were carried out. After the last anneal at 750 °C an x-ray examination revealed that the sample was still largely pure Mo and Si. However, 9 weak lines could be attributed to a small amount of hexagonal Mo Si 2 and 14 weak lines were attributed to MosSi 3 • These became observable after the 750·C anneal. Lines of intermediate intensity which could not be identified were present throughout the step anneal and systematically increased in intensity and in number as the sample was taken to higher temperatures. Also, their room-temperature positions shifted systematically toward a higher angle as the reaction temperature was raised. Figure 2 illustrates the shape changes of the circular disks with step annealing. Initially, the bending was toward a center on the substrate side putting the Mo film in compression. No change in curvature occured after annealing at the deposition temperature (350 .C) for 2 h and very little change occurred at 500 ·C. Large changes in curvature were observed at 650 and 750°C. In fact, the 750 ·C anneal caused the film to blister and go into tension. Figure 3 is a plot of € z and €z determined from Eqs. (4) and (5) using the inner rings of the interference patterns. This again illustrates the shape change from convex to concave disks going from film compression to tension over the temperature range 600-750 ·C. Figure 4 illustrates the variation in thermal strain obtain from Eq. (3'). Point A represents the strain in the asreceived Mo film. Heating to 350 (point B) and 550 ·C produces no signigicant relaxation. However, heating to D results in a relaxation of about 0.1 %. The curve A-D-E-F was drawn to illustrate creep at 650·C. The last path beginning at F and ending at L is uncertain because of blistering on cooling. Large local plastic deformations occured in the Mo at the blisters, causing local decreases in €z. The end point L could be reached either by creep of about 0.13% at 750·C or by complete stress relaxation by creep at 750·C (E to I) and blistering when the sample reaches a critical tensile strain J.
These represent extreme possibilities and the true behavior is likely to be intermediate with creep occurring to a point between H and I. Studies are in progress to better determine the strain relaxation at temperature. Figure 5 contains half-widths from four x-ray lines measured at room temperature after a 2 h step annealing. These increase continuously with increasing 2{} and drop sharply after annealing at 650 and 750 .c. The sharpening of all lines in this range is due to a decrease in nonuniform microstrain and an increase in x-ray particle size.
A more detailed x-ray study was carried out at 550 ·C which corresponds to the transition temperature for the 2 h step anneals. As the temperature is increased above 550 ·C, strain relaxation and the formation of silicides proceed at an increasing rate. At 550 ·C, annealing up to 192 h does not produce significant orientation changes within the Mo film, i.e, the relative line intensities remained constant. The intensities and number of the unidentified lines increased; however, neither MoSi z or MosSi 3 were formed in sufficient amounts to give measurable diffraction lines. After 192 h of annealing, the thickness of Mo decreased slightly. The decrease in €z after 27 h was found to be 8%. As expected, long-term annealing at 550 ·C can result in creep at a lower temperature than what was found for the 2 h step anneals. In this case, the increase in time is a factor of about 100 when the temperature is dropped from 650 to 550 ·C.
Results of the line-shape analysis after isothermal annealing at 550 ·C are given in Table I . Two methods of analyzing the line-shape data give equally good fits.lI The first gives an extrapolated first neighbor strain <~>1/2 and an exponential parameter r which allow the rms microstrain between cells to be determined from (7) In this representation of strain, one considers each diffracting grain to be made up of columns of cells arranged perpendicular to the reflecting planes (or free surface). Equation (7) r = -~ is usually found for cold-worked filings. 12 This intermediate value for r has been interpreted using a second method of analysis which requires a convolution of two distinct Gaussian strain distributions. One distribution requries r = -~ due to dislocation fields, while the second Gaussian with r = 0 describes the distribution of uniform column strain due to fluctuations in the density of the embedded atoms. The standard deviation parameters for each distribution are given by the quantities <Ci D> and <ciu>· The first neighbor rms strain parameter, < ci u > and <ciD>' should only be interpreted in connection with Eq. (7) over the range lO<n<NJ' A typical line-profile analysis can
give an accurate fit of Fourier coefficients over the peak portion of the curve and usually not the low-intensity tail portion of the profile which is sensitive to the low values of n. Considerable overlap of adjacent peaks for powders and film patterns excludes a meaningful investigation of this region and, therefore, of the near-neighbor displacement. The range lO<n <NJ includes a large proportion of the atom pairs in the sample and is, therefore, of considerable interest. Furthermore, the range n > N3 is likely to be a smooth continuation of the measured curve. An experimental determination of the Fourier coefficients with large n requires a highly accurate determination of the instrumental broadening curve. Table I also includes a listing of the average particle size (NJ < d > ) as well as the average number of cells per column (N J ). The x-ray particle size may be taken as an average separation between dislocations. This, of course, increases slowly with annealing time at 550°C.
DISCUSSION
The quantities ci,Z' C XR,Z' and C T,Z can be determined using Eqs. (3/), (4), and (5). In the as-received sample at room temperature, ci,Z = 0.255%, cXR,Z = 0.285%, and cT,Z = -0.088%. All of these quantities refer to dimensional changes of (110) planes along a line perpendicular to the Mo/Si interface. It is evident that the intrinsic Poisson strain ci.Z dominates the thermal term. This introduces a compressive strain on cooling to room temperature, The term C XR,Z results from a free expansion of the lattice due to embedded atoms and does not change greatly with annealing below 650°C. A decrease occurs after 2 h at 750°C. X-ray spectroscopy reveals the presence of Ar after all step anneals including 750°C. However, a 20% decrease of the Ka and K{3 lines of Ar was found at 750°C. It should be realized that because of the high absorption of Ar K radi- If one assumes that the lattice expansion is due to Ar atoms which substitute for Mo and the corresponding atomic radii are 1.92 and 1.47 A, 1 J 0.9% of Ar would be sufficient to give the measured value of cXR,Z = 0.285%. It is possible that this is an underestimate because Ar in the grain boundaries is not considered in the estimate, Also, it is assumed that the lattice expansion is due to Ar and not interstitial Mo. This would tend to compensate for Ar not detected at the grain boundaries. However, one would expect a greater response with annealing if interstitial Mo were the dominant cause of the lattice expansion. Consequently, interstitial Mo is not believed to be present in significant concentrations.
The variation in the rms strain with cell separation n (in units of <d» can be seen in Fig. 6 for the as-received sample as well as for 192 h at 550°C. The significance of <~> in relation to c~ may not be appreciated from this plot. The average strain, <~>, represents the standard deviation for the Gaussian distribution as obtained from the x-ray lineshape analysis. When normalized and written in terms of an origin c~, this is given by distribution corresponds to a negative En , while for n = 30
and 50 this reduces to approximately 17 and 12%, respectively. In each case, the average strain along Z within (110) columns is positive and negative along X. The results from xray line-broadening studies which give <~> must be associated with the variation in strain about an average or uniform component of strain. Also, the decrease in <~> with n is characteristic of cold-work materials containing high dislocation densities. The upper curves of Fig. 6 would both level off at about 0.29% strain which represents the contribution due to variations in the uniform column strain {(c u >!) ' The lower curves of Fig. 6 provide a comparison with the annealing behavior of cold-worked Mo filings.
14 In this case the fall off of < ~>! with n is characteristic of unconstrained cold-worked filings. Filings are seen to be more responsive to annealing. A large drop in the strain curve is evident between 415 and 66O·C after only 1 h at temperature. Even though the Mo film was annealed at 550·C for 192 h, the rms strain still remains well above the 415·C I-h curve of the filings. Likewise, one finds that the distribution of uniform strain decreases very little. These results are in accord with the conclusion that dislocation mechanisms cannot effectively relieve stresses in thin films.
4
The origin of the uniform column strain and variations about the average is of considerable practical interest within sputtered films. As one might expect, it is absent in coldworked filings. The source of this strain might be expected to give well-known diffraction effects characteristic of point defects. IS If oversize point defects were present in an unconstrained grain, one would expect no line broadening but an 3293 increase in the lattice parameter and a small decrease in the intergrated intensitites of the low-angle lines used in this investigation. The lattice parameter does increase and line broadening is observed. An explanation of the latter requires a new solution to the elastic problem which contains special constraints relatable to immovable boundaries as well as one boundary which remains free to move. Without a quantitative solution, one must use qualitative arguments to explain the behavior of sputtered films. Fissures were observed on the film surface after MoSi2 was detected and with an unreacted Mo film still remaining. It is reasonable to find that film failure correlates with the observation of a hard brittle phase and a net uniform tension. A previous discussion, emphasized that large fluctuations of strain ( or stress) about the average strain is usually observed especially at small distrances n. When the average strain is tensile, fluctuations could provide an additional increment of tensile strain which initiates crack formation or propagation.
In conclusion, this study deals mainly with one Mo film preparation on a Si substrate. It has been demonstrated that sputtered Mo may also be initially in tension; however, this is usually associated with entrapped oxygen. Argon has been shown to be present when film compression is found. 10
